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In ketosis, three metabolic products are produced: n-3-hydroxybutyrate (3OHB), acetoacetate (AA), and acetone.' 3OHB, the primary metabolic product of ketosis, is oxidized to AA by 3-hydroxybutyrate dehydrogenase (BHDH): 3OHB + NAD NADH + AA + Ht Acetoacetate spontaneously decarboxylates to acetone.
For several reasons, 3OHB should be the primary clinicopathological analytical marker for mdnithring ketosis: #{149} In humans, when ketosis is present, as in ketoacidosis, there is a simultaneous increase in lipolysis, which increases the amount of NADH produced. As a result, the equilibrium in the above equation, which normally favors 3OHB over AA by a ratio of approximately 2:1, is shifted further to the left, a shift that is also favored by the lower pH resulting from acidosis; the ratio becomes >16:1 in favor of 3OHB (1,4). Consequently, the traditional diagnostic spot test, in which the presence of AA and acetone is detected by their reaction with nitroprusside (5), is insensitive enough to lead to serious errors of diagnosis, both before and after treatment with insulin (1, 4).
#{149}
Both AA and acetone are unstable in blood. Thus, where sample preparation or analysis is delayed, fin-therserious errors can arise. Indeed, one study recommends collecting the blood samples for analysis directly into perchloric acid (6) .
#{149} The spot test for AA and acetone is insensitive tc subclinical ketosis, which has important effects on dairy cow productivity.
Thus, in both human and veterinary medicine a rapid and reliable method is urgently needed for measuring 3OHB in either serum or plasma.
Modern methods for measuring 3OHB are based on the reaction catalyzed by BHDH. Two analytical approaches to the use of this enzyme have emerged. In the equilibrium method, changes in NADH absorption (7, 8) or, for smallvolume samples, fluorescence (9) are monitored, and a semiautomated method based on changes in absorption has been developed (10). In these techniques, hydrazine has been used to remove interference by AA and to shift the chemical equilibrium further to the right for increased sensitivity. Because of its toxicity, however, hydrazine has been eliminated from the equilibrium method for tissue 3OHB by changing the pH and enzyme concentration (11). In a segmented-flow automated method (12), the equilibrium was shifted to the right by coupling NADH production to tetrazolium oxidation with diaphorase (NADH:lipoamide oxidoreductase, EC 1.6.4.3). In all these methods proteins are removed before the analysis, either by precipitation with perchloric acid or by flow dialysis (7, 12). With one exception (11), analysis requires a 60-mm incubation for the reaction to reach equilibrium.
A kinetic assay for the assay of 3OHB has also been developed (4) . An automated kinetic assay is most convenient if reaction times are short and protein precipitation is unnecessary. Thus we have tested and optimized the assay conditions of the promising kinetic method with two automated instruments: the Gilford Reaction Rate and the Hitachi 705 discrete clinical analyzers.
We compared the performance of the assay with that of the automated continuous-flow method (12) that,untilnow, has been the method used in our laboratory.
Assay interferences from unknown causes have been noted for both the equilibrium method (7) and the kinetic method (4), and could invalidate these assays. In the course of the studies described here, we have discovered that lactate dehydrogenase (LDH) and lactate can seriously perturb the analysis of the optimized method. However, we have established and worked out the conditions whereby this interference can be eliminated, by incorporating oxalate, an inhibitor of LDH, in the assay reagents. 
Veterinary Research

Materials and Methods
Blood
Blood from cattleon local farms was collected in heparinized or untreated blood-collection tubes. Serum or plasma was separated within 24 h by low-speed centrifugation and stored at 4 #{176}C for no longer than one week before analysis. 3OHB is very stable and does not require immediate separation.
Reagents
The sodium salt of DL-3-hydroxybutyrate (41% n-isomer), 
Reagent solution for Gilford analyzer and Hewlett-Packard spectrophotometer:
To 100 mL of buffer, add 133 mg of NAD and 6.25 U of BHDH. This solution is stable for seven days at 4#{176}C.
Reagent solution for Hitachi analyzer: To 100 mL of buffer, add 266 mg of NAD and 12.5 U of BHDH. This solution is stable for seven days at 4 #{176}C.
Reagents for continuous-flow analysis:
Reagents for the continuous-flow analyzer were prepared as previously described (12). 
Methods
AnalyticalVariables
Optimizing
the assay: Optimization required analysis of the instrumentally acquired reaction-rate curves. The instrument was programmed to acquire data at 10-s intervals from zero to 180 s, at 340 nm. The temperature of the 3-mL reaction mixture, in a cuvet of 1-cm pathlength, was maintained at 37 #{176}C. The slopes of the reaction-rate curves (dA/ dt) were obtained, after digital smoothing over five observations, by the instrument's own software. Table 1 summarizes the optimized instrument settings for the Gilford and the Hitachi analyzers. We used the 4 minoll L 3OHB standard for daily calibration. The reagents were stored in the refrigerated compartment of the Hitachi.
The Gilford analyzer has a 60-s delay between the addition of the reagent to the sample cup and sampling. A further 30-s delay ensues before measurement of absorbance starts. Measurements taken during the following 30 s are used in calculating the reaction-rate constant.
The Hitachi starts to measure absorbance 80 s after the mixed reagents are added; the reaction rate is calculated from the change in absorbance during the next 120 s.
Both instruments compute the rate of reaction by linear regression. We made the usual statistical calculations with a benchtop computer (Model 9825A-Hewlett Packard).
To study the optimized conditions for the assay, we added the reagents to the stock Ti-is buffer solution. Final pH adjustments were made after all necessary reagents were added.
We varied the pH of the buffer solutions from pH 7 to 10 by adjusting the standard buffer with HC1 or NaOH, and tested the effects on five 3OHB standards with concentrations of 2, 4, 6, 8, and 10 mmoLIL. The effect of BHDH was examined at 62.5, 125, and 250 UfL of assay reagent. Hydrazine concentration was examined over the range 0 to 1.0 molJL in the final reaction mixture. NAD was varied from 0.2 to 5.0 mmollL to establish its effect on the assay of a 10 mmollL 3OHB standard.
We used theHitachianalyzerto determine the effect of AA on the assay, analyzing two sets of 3OHB standards (0 to 10 mmolJL) in the presence and absence of 5 mmol of AA per litre.
Interfering
substances:
We examined the utility of oxalate as a competitive inhibitor of LDH/lactate interference. A plasma sample was supplemented with LDH and lactate to give final concentrations of 15 kU,1. and 10 mmolJL, respectively, and oxalate was varied from 0 to 20 mmolJL. To determine theeffect of oxalate on the assay in the absepce of LDH and lactate, we used a 4 mmolfL 3OHB standard.
Assay performance:
The linearity of the optimized assay for both analyzers was determined with 3OHB standards of 0 to 10 mmolJL. Within-run precision was determined by analyzing each of four pooled samples of plasma 20 times with each analyzer. Day-to-dayprecision, reagentstability, and analytical accuracy of the assay were determined over a seven-day period. Samples for this study were prepared by adding 3OHB to a single specimen of pooled plasma; moreover, we used the same reagent solution, stored in the cold compartment of the analyzer, throughout this period. 
Comparison Methods
The conditions for analysis by the segmented-flow technique (12) were used without further modification.
Results and Discussion
Analytical Variables
Optimization studies: As Figure   1 shows, the rate of 3OHB conversion is maximum at pH 8. Over the range studied, pH 7-10, the pH profile was independent of 3OHB concentration.
Hydroxybutyrate dehydrogenase: Figure 2 shows the effect of varying the concentration of BHDH on the rate of change in absorbance for five 3OHB standards of different concentrations. Although the shape of the reaction-rate curve is independent of the concentration of 3OHB, the curvature increased substantially as the enzyme activity concentration was increased. Because the accuracy of kinetic assays depends on the linearity of the reaction-rate curve, the most nearly accurate assay was therefore achieved at the lowest , , the enzyme activity concentration did not increase the linearity appreciably. However, the accuracy with which kinetic analyzers can measure rates of reaction depends on both the rate being measured and the linearity of the reaction-rate curve. Methods with low rates and depending on small changes of absorbance per unit of time would not be expected to have high accuracy, nor would nonlinear curves be expected to be measured accurately by instruments that compute only by linear regression. Figure 3 illustrates the effect of hydrazine concentration on the initial reaction rate at 3OHB concentrations of 2 and 10 mmolJL. In concentrations exceeding 0.2 mollL, hydrazine inhibited the reaction. The increase in the reaction rate with hydrazine at 0.2 mollL was not enough to make its use mandatory. We finally decided not to use hydrazine when we found that it severely shortened the useful life of the working reagent.
Hydrazine:
Because hydrazine had been included in previous assays (9, 10) to neutralize the effet of AA on the assay, however, we needed to establish whether its omission would suppress the oxidation of 3OHB in the presence of high concentrations of AA, as might be found in plasma or serum. Standard curves for assays carried out in the presence or absence of AA were identical, indicating that AA did not interfere with the kinetic assay-as also confirmed by Student's paired ttest. Therefore hydrazine can validly be omitted from the assay mixture.
NAD:
Because NAD is an obligatory substrate for the assay, it would be expected to have a controlling influence on the assay. Figure 4 shows the reaction-ratecurves and the Lineweaver-Burk plot (insert) for various concentrations of NAD.
We calculated that the apparent Km for NAD was 0.30 nimolJL at 37 #{176}C. Use of an NAD concentration of 2 mmollL sacrifices some linearity of the reaction curve as compared with that for the 5 mmol/L curve, but the assay is less expensive. To overcome the interference by LDH and lactate, if any, we added oxalate, a competitive inhibitor of LDH, to the reaction mixture. Figure 5 shows the effect of oxalate on 3OHB measured in a plasma sample to which LDH and lactate had been added. Without oxalate, the apparent 3OHB concentration was 4.0 mmol/L, which, if real, would be clinically significant. By increasing the oxalate concentration, however, the value for endogenous 3OHB in the serum sample was 0.2 mmol/L. Oxalate increases the rate of the reaction catalyzed by BHDH. This effect is responsible for the linear decrease in the apparent 3OHB concentration as the oxalate concentration is decreased from the 20 mmoll L used in the standard assay.
Assay Performance
Linearity:
The response curve of the two analyzers for the 3OHB standards over the concentration range 0 to 10 mmo]J L is shown in Figure 6 . The best fit was obtained by using the quadratic regression: y = a + hr + cx2. For the Gilford and Hitachi analyzers the coefficients were, 'respectively, a, -0.029 and 0.042,; b, 1.107 and 1.00;. and c, -0.022 and -0.010. Because both instruments use linear regression for analyte calibration, their working range would be restricted to 0 to 6 mmol of 3OHB per litre.
Precision: The results for within-run precision are shown in Table 2 . Values for plasma samples 1 and 2 are within the expected normal range for 3OHB in bovine samples; the concentrations in samples 3 and 4 are clinically significant. At all concentrations the best precision was obtained with the Hitachi analyzer. For both instruments, the precision increased with increasing concentration of the analyte. The absolute agreement between the two instruments was good.
Day-to-day precision, in terms of CV (Table 3) , ranged from 10% for very low 3OHB (0.3 mmolJL) to less than 1% for higher concentrations (6-9 mmolIL). The CV was only a little higher when these results were compared with those obtained from a single analytical run (Table 2) . Because the same working reagents were used during the seven days, the results in Table 3 also show that the dilute working reagents are stable for at least this long. This is further supported by the small dA/dt obtained with the 4 mmol/L 3OHB standard, which varied from 0.172 on day 1 to 0.155 on day 7, further confirming the general stability of both the instrument and the reagent system used. By adding 3OHB to plasma and analyzing, we determined the analytical recovery for the assay (Table 3) . Because the Hitachi instrument uses linear regression to compute the standard curve for analyte, a certain amount of inaccuracy is introduced at greater concentrations, as discussed earlier (Figure 6 ). This problem can be readily overcome by either limiting the calibration concentration range to 6 mmol/L or using external computation with a quadratic regression. The continuous-flow analyzer, because it removes interference from (e.g.) enzyme in the sample, is susceptible to interference from LDH only when the latter is a contaminant of the BHDH assay enzyme. In this case lactate would co-dialyze with 3OHB from the sample. The dose-response curves for pure standards and for plasma samples are very similar, which suggests that oxalate overcomes this interference and indicates that other potentially interfering substrates or their corresponding enzymes do not affect this kinetic assay.
Only 10 L of serum sample is required for this optimized kinetic assay, which makes the method suitable for studies with children or, for similar reasons, poultry. Moreover, only about an eighth as much enzyme is used as in the assay of Li et al. (4) , which brings the cost of this test well within the range for other commonly used diagnostic procedures (e.g., about the same as an albumin determination in our laboratory). Because hydrazine offers little advantage to the assay, the kinetic assay therefore eliminates the exposure of analysts to a potentially harmful substance (11). No prior treatment of the sample is required, thus eliminating a slow manual step that is required in some methods (7, 8) . Finally, we found the method suitable for use with several currently available automated analyzers.
We have used the method for several months, with no loss of assay performance, for measurement of 3OHB in blood specimens from animals. The procedure should be equally suitable for use in the diagnosis of clinicaland subclinical ketotic conditions in humans.
